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(57) Abstract 



A delivery vehicle is described that is 
capable of being specifically bound to and 
taken into targeted cells, delivering numerous 
physiological agents, particularly paramagnetic 
ions for magnetic resonance imaging (MRI) 
of the cells. The delivery vehicle comprises 
a polymeric molecule having a net positive 
charge complexed with another polymeric mol- 
ecule having a net negative charge. Cell tar- 
geting moieties and physiological agents, in- 
cluding contrast agents and therapeutic agents, 
are attached to one or both of the polymeric 
molecules. In one embodiment, the polymeric 
molecule having a net negative charge is a nu- 
cleic acid. Thus, the delivery vehicles can 
be used in clinical protocols in which nucleic 
acids for gene therapy and agents for MRI con- 
trast are co-transported to specific cells allow- 




ing medical imaging monitoring of nucleic acid 
delivery. 
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CELL-SPECIFIC GENE DELIVERY VEHICLES 



This application is a continuation-in-part application of U.S. S.N. 08/321,552, filed 
October 12, 1994. 

Background of the Invention 

5 In recent years, magnetic resonance imaging (MRI) has emerged as a powerful tool in 
clinical settings because it is noninvasive and yields an accurate volume rendering of the 
subject. The image is created by imposing one or more orthogonal magnetic field 
gradients upon the specimen while exciting nuclear spins with radio fi^equency pulses as 
in a typical nuclear magnetic resonance (NMR) experiment. After collection of data 

10 with a variety of gradient fields, deconvolution yields a one, two, or three dimensional 
image of the specimen. Typically, the image is based upon the NMR signal fi-om the 
protons of water where the signal intensity in a given volume element is a function of 
the water concentration and relaxation times (Tj and Tj). Local variations in these 
three parameters provide the vivid contrast observed in MR images. For example, the 

15 low water content of bone makes it distinctively dark, while the short Tj of clotted 
blood affords it a higher signal intensity than that fi-om non-clotted blood. 

The same advantages that have made MRI the technique of choice in medical imaging 
make it an ideal imaging tool for use in biological experiments. Unlike light- 
microscope imaging techniques based upon the use of dyes or fluorochromes, MRI 
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does not produce toxic photobleaching by-products. Furthermore, unlike light- 
microscopy, MRI is not limited by Ught scattering or other optical aberrations to ceUs 
within approximately only one hundred microns of the surface. 

MRI was originally considered a purely noninvasive approach but more recently it has 
5 been found that contrast agents can significantly improve the diagnostic utility of the 
technique. MRI contrast agents dramatically reduce the relaxation times of protons in 
the surrounding water. The ion Gd'*, in its non-toxic chelated forms, is the most 
commonly used paramagnetic ion because of its large magnetic dipole and large effect 
on relaxation times. For example, Gd'" chelated with diethylenetriaminepentaacetic 
10 acid (DTP A) is a vascular contrast agent now widely used in diagnostic radiology. The 
chemical structure of DTPA is depicted in Fig. 4. 

Traditional MRI offers high spatial resolution and multiple plane imaging in a fast 
noninvasive procedure. When MRI contrast agents are used diagnostically, they are 
vascularly perfused, enhancing the contrast of blood vessels and reporting on organ 

15 lesions and infiltration. However, the labeling of specific tissues for diagnostic 
radiology remains a difficult challenge for MRI. Efforts to develop cell and tissue- 
specific MRI contrast agents by modifying existing immunological techniques has been 
the focus of much research in diagnostic radiology. For example, antibodies labeled 
with paramagnetic ions, generally the gadolinium chelate Gd-DTPA, have been 

20 generated and tested for their effects on MRI contrast of tumors and other tissues [Lex, 
ActaBiochim. Biophys. Hung 24:265-281 (1989); US Pat. No. 5,059,415]. It was 
anticipated that due to reductions in the rate of molecular tumbling, Gd-DTPA when 
bound to antibodies would show significantly higher relaxivity, a measure of MRI 
contrast enhancement, than that of unbound Gd-DTPA. This increase in relaxivity per 

25 Gd ion, it was hoped, would generate sufficient signal for tissue contrast to be observed 
using antibodies labeled with 10-50 Gd ions per protein molecule. 

Unfortunately, the relaxivity of Gd bound to antibodies has been found to be only 
slightly better than that of unbound Gd-DTPA [Paajanen et al., Maen. Reson Med 
13:38-43 (1990)]. Therefore, to generate detectable contrast enhancement in an 
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antibody-labeled tissue, the immunological reagent must be conjugated with hundreds if 
not thousands of Gd ions per antibody. Currently this is unattainable using standard 
techniques. 

Several researchers have examined the possibility that the number of Gd ions per 
5 antibody could be increased by conjugating polylysine to the antibody, then labeling the 
polylysine extensively with Gd-DTPA [WO93/01837]. So far, these attempts have 
shown only limited success in part due to the unfavorable ionic and steric effects of 
conjugating antibodies to large polymers. 

Research in the field of targeted MRI contrast agents has thus turned to the use of iron 
10 oxide particles as high signal strength T2 contrast agents [Shen et al.. Magnet. Res 
Med. 29:599-604 (1993); Weissleder et al.. Magnetic Resonance Quarterly . 8:55-63 
(1992)]. However, no iron oxide particles have yet been approved for use in humans 

Liposomes as carriers of contrast media show promise as tissue-specific MRI agents as 
well [Schwendener, R.A., Chimia 46:69-77 (1992)]. Two classes of such contrast 

1 5 agents have been developed: (i) water soluble contrast agents entrapped between 
phospholipid bilayers, and (ii) liposomes directly incorporating amphipatic molecules 
covalently attached to MRI contrast agents such as Gd-DTPA. The former class of 
liposomal contrast agents suffers fi*om leakiness of the water soluble agent in vivo, and 
the later fi-om long-term retention of the agent in the liver and spleen. Nevertheless, 

20 liposomes show promise as liver, spleen and lung contrast agents. 

In addition, a number of researchers have explored the delivery of nucleic acids using 
polylysine. For example, polylysine coupled to ligands for cell-surface receptors such 
as transferrin [Wagner et al., Proc. Natl. Acad. Sci. USA 87:3410-3414 (1991)] and 
asialoglycoprotein [Wu et al., J. Biol. Chem. 266:14338-14342 (1991)] facilitate the 
25 receptor mediated uptake of DNA. The -NH^^ groups of the lysine side chains at 

neutral pH are used to complex with the negatively charged phosphate backbone of the 
DNA. Elearically neutral complexes of the polyanionic DNA and the polycationic 
polylysine-protein conjugates form what is thought to be toroidal particles capable of 
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delivering DNA into specific cells at relatively high efficiency [Wagner et al., Proc. 
Natl. Acad. Sci. USA 88:4255-4259 (1991)]. Improvements to this technique include 
complex formation with hydrophobic polycations to increase transfection efficiency and 
cotransfection with adenovirus particles [Wagner et al., Proc. Natl. Acad. Sci. USA 
5 89:6099-6103 (1992)] or conjugation of fusogenic peptides to the polylysine [Wagner 
et al., Proc. Natl. Acad. Sci. USA 89:7934-7938 (1992)] or transfection in the presence 
of chloroquine [Wagner et al, Proc. Natl. Acad. Sci. USA 87:3410-3414 (1991)], all 
to reduce endosomal degradation of the DNA. It has been noticed that modifications 
to these particles which promote escape from lysosomal degradation pathways can 
10 increase gene expression (Wagner et al. PNAS 89:7934-7938 (1992)]. 

Summary of the Invention 

Based on the foregoing it is apparent that there exists a need for improved cell- and 
tissue-specific delivery of physiological agents. Accordingly, it is an object of the 
invention to provide tissue-specific delivery vehicles that are capable of binding 
1 5 multiple physiological agents without losing tissue-specificity. 

It is a further object of the invention to provide novel delivery vehicles comprising 
tissue-specific cell targeting moieties and contrast agents attached to nucleic acids to 
provide delivery vehicles useful in gene delivery and therapy. Such gene delivery can 
be monitored by way of the presence or absence of the contrast agent. 

20 It is an additional object to provide novel delivery vehicles comprising tissue-specific 
cell targeting moieties and therapeutic agents to provide delivery vehicles useful in the 
treatment of cancer. 

These and other objects and features of the invention will become apparent to those 
skilled in the art from the following detailed description and appended claims. 

25 The objects are achieved by cell-specific delivery vehicles and methods wherein such 
delivery vehicles are capable of delivering at least an imaging contrast agent to the 
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targeted cell or tissue. In some embodiments the delivery vehicle is constructed to 
deliver additional specific molecules (e.g. nucleic acids). 

In one embodiment of the invention, a delivery vehicle is provided comprising a) a first 
polymeric molecule having a net positive or negative charge, b) at least one second 
5 polymeric molecule having a net charge opposite that of the first polymeric molecule 
and complexed with the first polymeric molecule, the second polymeric molecule 
having attached thereto at least one cell targeting moiety, and c) at least one 
physiological agent attached to the first or second polymeric molecule (see Figs. 1 A 
and IB) or to a third polymeric molecule (see Fig IC), wherein the third polymeric 
10 molecule, if present, has a net charge opposite that of the first polymeric molecule and 
is complexed with the first polymeric molecule. 

In another embodiment, one of the polymeric molecules comprises a nucleic acid which 
is complexed with one or more polymeric molecules comprising a polyamine, so that 
the resulting contrast agent delivery vehicle is capable of delivering genetic material 
1 5 well as a physiological agent in a cell or tissue-specific manner. 



20 



as 



In a further embodiment, the invention provides methods of delivering physiological 
agents to a cell. The method comprises contacting the cell with a delivery vehicle of 
the invention, and detecting the presence of the physiological agent. 

Brief De- scription of the Drawing .^ 

Figure lA depicts a delivery vehicle (1) wherein a first polymeric molecule (2) having 
a net positive or a net negative charge is complexed with a second polymeric molecule 
(3) having a net charge opposite that of the first polymeric molecule. At least one cell 
targeting moiety (4) and at least one contrast agent (5) are attached to the second 
polymeric molecule. 



25 



Figure IB depicts a delivery vehicle (1) wherein a first polymeric molecule (2) having 
net positive or a net negative charge is complexed with a second polymeric molecule 
(2) having a net charge opposite that of the first polymeric molecule. At least one cell 
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targeting moiety (3) is attached to the second polymeric molecule and at least one 
contrast agent (4) are attached to the first polymeric molecule. 

Figure IC depicts a delivery vehicle (1) wherein a first polymeric molecule (2) having 
a net positive or a net negative charge is complexed with a second polymeric molecule 
5 (3) having a net charge opposite that of the first polymeric molecule. A third polymeric 
molecule (6) having a charge opposite that of the first polymeric molecule is complexed 
with the first polymeric molecule. At least one cell targeting moiety (4) is attached to 
the first polymeric molecule and at least one MRI contrast agent (5) is attached to the 
third polymeric molecule. 

Figure 2 compares the level of gene expression of cells transfected with DNA 
complexed with Gd-DTPA-poly-D-lysine (column 1) to cells transfected with particles 
which lack the Gd-DTPA-poly-D-Lysine component (column 2). In column 3, fi-ee 
transferrin was added to the solution to competitively inhibit uptake of the gene 
delivery vehicles (both with and without Gd-DTPA-poly-D-lysine). In all cases 6 ^ig of 
DNA was complexed with 3 ^g transferrin polylysine (Tf) and 4 \ig Gd-DTPA 
modified poly-D-lysine or unmodified poly-L-lysine (PLL). Error bars represent 1 
standard deviation (n-5). 

Figure 3 compares the MRI image obtained fi*om cells transfected with gene delivery 
vehicles containing Gd-DTPA-poly-D-lysine (1 and 2) to those lacking the GD-DTPA- 
20 poly-D-lysine (3 and 4). Note the intense signal indicative of Gd contrast enhancement 
in 1. In 2 and 4, fi-ee transferrin was added to competitively inhibit uptake of the 
particle. In all cases 12 ng of DNA was complexed with 6 jig transferrin polylysine 
and 14 \xg Gd-DTPA modified poly-D-lysine or unmodified poly-L-lysine. 

Figure 4 depicts the Gd chelating agents, diethylenetriaminepentaacetic acid (DTP A) 
25 and 1,4,7, 10-tetraazacyclo-dodecane -N,N',N",N"'-tetracetic acid (DOTA), and p- 
aminobenzyl-DOTA. 



10 



15 



Detailed Description of the Invention 
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Prior to the invention, there were no safe and effective means for targeted delivery of 
physiological agents to specific cells or tissue using cell-surface receptors. The present 
invention pro^ddes delivery vehicles and methods for the delivery of physiological 
agents, including contrast agents and therapeutic agents, to a cell. The delivery 
5 vehicles comprise two or more polymeric molecules, a cell targeting moiety, and a 
physiological agent. Accordingly, the delivery vehicles are targeted to a certain cell 
type, depending on the targeting moiety used, and then generally are taken up by the 
target cells. The physiological agent is thus targeted to a specific cell type. 



The delivery vehicles of the present invention comprise a first polymeric molecule and a 
10 second polymeric molecule. As indicated in Figure 1 A, the delivery vehicle (1) 
comprises a first polymeric molecule (2) having an overall net positive or negative 
charge which is employed as a scaffold to which an oppositely charged second 
polymeric molecule (3) is complexed. As shown in Figure IB, some delivery vehicles 
include a third polymeric molecule (6) having a net charge opposite that of the first 
1 5 polymeric molecule and complexed with the first polymeric molecule. Preferably the 
first and second polymeric molecules are held together by electrostatic interactions and 
thus do not need to be covalently linked to each other. In certain embodiments, both 
the first and second polymeric molecules contain a mixture of charged groups and thus 
are zwitterionic. The depiction of linear polymeric molecules in Figure 1 is for 
20 illustrative purposes and is not necessarily preferred, as circular polymers such as 
plasmids may also be used. The delivery vehicle will be in any configuration that is 
suitable for cellular uptake. 

In a preferred embodiment, the first polymeric molecule is polyanionic (i.e. a polymer 
having a net negative charge). In this embodiment, the polyanion comprises a molecule 

25 based on heparin, polygalacturonic acid, mucin, nucleic acids and their analogs 
including those with modified ribose-phosphate backbones, the polypeptides 
polyglutamate and polyaspartate, as well as carboxylic acid, phosphoric acid, and 
sulfonic acid derivatives of synthetic polymers. Preferred polyanions are nucleic acids. 
As used herein, "nucleic acid" may refer to either DNA or RNA, or molecules which 

30 contain both deoxy- and ribonucleotides. The nucleic acids include genomic DNA, 
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cDNA and oligonucleotides including sense and anti-sense nucleic acids. Specifically 
included within the definition of nucleic acids are anti-sense nucleic acids. An anti- 
sense nucleic acid will hybridize to the non-coding strand of a nucleic acid,but may 
contain ribonucleotides as well as deoxyribonucleotides, CJenerally, anti-sense nucleic 
5 acids function to prevent gene expression or translation of mRNA. The nucleic acid 
may be double stranded, single stranded, or contain portions of both double stranded or 
single stranded sequence. In a preferred embodiment, the nucleic acid is double 
stranded, most preferably a double stranded plasmid. 

When RNA or DNA is used as the first polymeric molecule, the nucleic acid can serve 
additional fimctions. In one embodiment, the nucleic acid encodes a reporter gene, 
such that the uptake of the delivery vehicle can be additionally monitored by the 
presence or absence of the reporter gene and/or the protein encoded by the gene For 
example, as depicted in the Examples, the reporter gene encoding luciferase may be 
used. In addition, DNA or RNA sequences encoding selectable markers can be 
delivered as well, providing a means to select transfected cells in vitro prior to tissue or 
cell transplantation. [Demagalhaessilverman et al "Bone-Marrow Transplantation - A 
Review" Cell Transplantation 2:75-98 (1993)]. 

In a preferred embodiment, the delivery vehicles of the invention can perform the 
additional fimction of delivering genetic material to a cell. Hence, this embodiment 
20 encourages a novel clinical protocol in which nucleic acids for gene therapy and aiicnis 
for MRI contrast are co-transported to specific cells (e.g., cells of a neoplastic tumor) 
allowing medical imaging monitoring of nucleic acid delivery and therapy in real time. 

In a preferred embodiment, the nucleic acid is used as a therapeutic agent of sorts. For 
example, clinical uses of the invention may involve nucleic acids for gene therapy such 
25 as genes for lymphokines, growth hormones, exogenous antigens, viral en2ymes 

(susceptibility genes), and genetic regulators, etc. Numerous reference are available 
that disclose the clinical potentials of gene therapy [e.g. Gutierrez et al. "Gene-Therapy 
for Cancer" Lancet 339:715-721 (1992); Zatloukal et al. "Somatic Gene-Therapy for 
Cancer - The Utility of Transferrinfection in Generating Tumor Vaccines: Gene 



10 
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135: 199-207 (1993)]. In particular, the nucleic acids comprise wild-type genes for 
genetic disorders caused by mutations such as cystic fibrosis and sickle cell anemia, 
among others. 

In a preferred embodiment, the nucleic acid contains a gene encoding a product that 
5 can kill a cell containing the gene under the appropriate conditions. In a preferred 

embodiment, the nucleic acid of the delivery vehicle encodes the herpes vims thymidine 
kinase (TK) gene. Cells which contain this gene are sensitive to gancyclovir; that is, 
cells expressing TK are killed in the presence of gancyclovir. Thus, in a preferred 
embodiment, delivery vehicles containing contrast agents are targeted, as outlined 
10 herein, to tumor cells. When the contrast signal levels in the tumor are sufficiently 

high, gancyclovir is administered to kill the tumor cells. Similarly, the Gpt gene renders 
cells sensitive to 6-thioxanthine. A further advantage of this approach is that the 
uptake of the drug and the demise of the tumor can be monitored in real time using the 
contrast agent. 

15 In an alternate embodiment, therapeutic uses of the nucleic acid involves the use of 
antisense nucleic acids. As is known in the art, antisense nucleic acids are used to 
decrease or eliminate the expression of genes encoding specific proteins. 

In some situations, it may be desirable to deliver RNA or single stranded DNA because 
of its short half-life. For example, one could transfect cells vnth the delivery vehicle 

20 and select for transfected cells or show that they were transfected by assaying, for 

example, for the presence of a reporter gene in the single stranded nucleic acid. In such 
situations, the transfected cells would not stably integrate the reporter gene. This 
would be advantageous in situations where wild type cells are desired, such as in tissue 
grafting and stem cell therapy. In these cases, a utility of the delivery vehicle lies in the 

25 ability to readily label the cells with contrast agents, ultimately allowing non-invasive 
imaging of the grafted cells. Where no DNA integration is desired, other polyanions 
can be used such as polyaspartate, polyglutamate, heparin and long chain 
carbohydrates. 
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The polyanion acts as a negatively charged molecular scaffold to which a positively 
charged polymer (polycation) is complexed. Thus the polyanion and the polycation vAM 
have sufficient charge so that when combined, the two polymeric molecules form a 
polycomplex under physiological conditions. Generally, after complex formation, the 
5 polycomplexes are approximately electrically neutral, since electroneutrality is generally 
necessary to achieve high transfection efficiency (see Wagner et al, (1991), supra). As 
discussed below, the length and extent of derivatization of the polymers with cell 
targeting moieties and physiological agents may be varied to achieve electroneutrality. 



Preferred polycations include synthetic polycations based on acrylamide and 2- 
10 acrylamido-2-methylpropanetrimethylamine, poly(N-ethyl-4-vinylpyridine) or similar 
quartemized polypyridine, diethylaminoethyl polymers and dextran conjugates, 
polymyxin B sulfate, lipopolyamines, poly(allylamines) such as the strong polycation 
poly(dimethyldiallylammonium chloride), polyethyleneimine, polybrene, spermine, 
spermidine and polypeptides such as protamine, the histone polypeptides, polylysine, 
15 polyarginine and polyomithine. Particularly preferred polycations are polylysine and 
spermidine, with the former being especially preferred. Both optical isomers of 
polylysine can be used. The D isomer has the advantage of having long-term resistance 
to cellular proteases. The L isomer has the advantage of being more rapidly cleared 
from the subject. 

20 When polylysine is used as the second polymeric molecule, the -NHj groups of the 
lysine side chains at high pH serve as strong nucleophiles for multiple attachment of 
activated chelating agents. The invention takes advantage of both the polycationic and 
polynucleophilic nature of polyamines such as polylysine. At high pH the lysine 
monomers are coupled to the physiological agents under conditions that yield on 

25 average 5-20% monomer substitution. At physiologic pH to low pH, the remaining 
unlabeled positively charged lysines facilitate nucleic acid binding. 



The size of the polyanion and polycation may vary substantially. For example, it is 
known that some nucleic acid vectors can deliver genes up to 100 kilobases in length, 
and artificial chromosomes (megabases) have been delivered to yeast. Therefore, there 
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is no general size limit to the polyanion. However, for efficient receptor-mediated 
uptake, it is preferred that the nucleic acid be less than 100 kilobases, with from about 
1 to about 50 kilobases being the most preferred size, and from about 5 to about 10 
kilobases being particularly preferred. When polyanions other than nucleic acids are 
5 used, a preferred size for the polymer is from about 500 to about 50,000 monomer 
units, with from about 5,000 to about 20,000 being particularly preferred. 

Generally the size of the polycation for nucleic acid complex formation will be less than 
about 500 monomer residues. When poly amino acids such as polylysine and 
polyarginine are used, preferred sizes are from about 10 to about 200 residues 



10 In a preferred embodiment, the delivery vehicles comprise a first polyanion molecule 
complexed to a second polycation molecule. The cell targeting moieties and 
physiological agents described below are attached to either polymeric molecule, 
although in a preferred embodiment they are both attached to the polycation. In 
alternative embodiments, they are both attached to the polyanion, or alternatively the 

1 5 cell targeting moiety is attached to one polymer and the physiological agent is attached 
to the other, as is depicted in Figure 1. 

In an alternate embodiment, the delivery vehicles comprise a first polymeric molecule 
and two or more second polymeric molecules with a net charge opposite to the charge 
of the first polymer. That is, as depicted in Figure 1, it is possible to have multiple 

20 second polymeric molecules associated with the first polymeric molecule In a 
preferred embodiment, the first polymeric molecule is polyanionic, and the second 
polymeric molecules are polycationic. In a preferred embodiment, the cell targeting 
moieties are added to one of the second polymeric molecules, and the physiological 
agents are added to another second polymeric molecule, although it is possible that 

25 each second polymeric molecule contains both. 

As described above, in addition to the polymeric components, the delivery vehicles of 
the present invention physiological agents attached to one of the polymeric molecules. 
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By the term "physiological agent" herein is meant compounds which are desirable to 
deliver in a cell-specific manner Included in this definition of physiological agents are 
both contrast agrats and therapeutic agents. 

As used herein, the term "contrast agent" includes the various contrast agents that are 
5 known for medical imaging. For MRI, the contrast agent can comprise paramagnetic 
or superparamagnetic metals. By "paramagnetic metal ion", "paramagnetic ion" or 
"metal ion" herein is meant a metal ion which is magnetized parallel or antiparallel to a 
magnetic field to an extent proportional to the field. Generally, these are metal ions 
which have unpaired electrons; this is a term understood in the art. Examples of 

10 suitable paramagnetic metal ions, include, but are not limited to, gadolinium III (Gd+3 
or Gd(III)X iron HI (Fe+3 or Fe(III)), manganese II (Mn+2 or Mn(II)), yttrium III 
(Yt+3 or Yt(III)), dysprosium (Dy+3 or Dy(III)), chromium (Cr(III) or Crf 3). In a 
preferred embodiment the paramagnetic ion is the lanthanide atom Gd(ni), due to its 
high magnetic moment (u^ = 63BM^), a symmetric electronic ground state (S*), and its 

1 5 current approval for diagnostic use in humans. 

Gd(III) ions are extremely toxic to cells and therefore must be bound to a chelating 
agent which is then conjugated to the polymeric molecule. There are a large number of 
known macrocyclic chelators or ligands which are used to chelate lanthanide and 
paramagnetic ions. See for example, Alexander, Chem. Rev. 95:273-342 (1995) and 

20 Jackels, Pharm. Med. Imag . Section III, Chap. 20, p645 (1990), expressly incorporated 
herein by reference, which describes a large number of macrocyclic chelators and their 
synthesis. Similarly, there are a number of patents which describe suitable chelators for 
use in the invention, including U.S. Patent Nos. 5,155,215, 5,087,440, 5,219,553, 
5,188,816, 4,885,363, 5,358,704, 5,262,532, and Meyer et al.. Invest Radiol. 25: S53 

25 (1990), all of which are also expressly incorporated by reference. Thus, as will be 
understood by those in the art, any of the known paramagnetic metal ion chelators or 
lanthanide chelators can be used in the present invention. When the metal ion is 
Gd(III), a preferred chelator is l,4,7,10-tetraazacyclododecane-N,N',N", N'"- 
tetracetic acid (DOT A) shown in Figure 4. In an alternative embodiment, when the 

30 metal ion is Gd(III), preferred chelators include diethyl enetriaminepentaacetic acid 
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(DTPA) and l,4J,10-tetraazacyclododecane-N,N',N'',N'''-tetraethylphosphorus 
(DOTEP). The stability constant (K) for GdCDTPA)^- is very high (logK=22.4) and is 
more commonly known as the foraiation constant. DOTA, DTPA and DOTEP may be 
substituted, as is known in the art; see for example, U.S. Patent Nos. 5,262,532, 
5 4,885,363, and 5,358,704. 



Chelators for other paramagnetic ions are also known; see for example Lauffer et al., L 
Am. Chem. Soc. 109 :1622 (1987); LaufFer. Chem. Rev. 87:901-927 (1987); and U.S. 
Patent Nos, 4,885,363, 5,358,704, and 5,262,532, all which describe chelators suitable 
for Fe(in) and Mn(II). Suitable chelators for Yt(III) ions include, but are not limited 
10 to, DOTA and DPT A and derivatives thereof (see Moi et al., J. Am. Chem. Soc. 

110:6266-6267 (1988)) and those chelators described in U.S. Patent No. 4,885,363, 
among others. 



The extracellular contrast agents of the prior art accumulate in tissue by perfusion 
dominated processes. As will be more fully described below, incorporation of the 

1 5 chelator into the delivery vehicles of the invention may involve modifying the chelator 
structure by appending one or more functional groups preferably to the chelator 
backbone. The carboxylic acid side chains of DTPA and DOTA, for example, can also 
be used as a site for further conjugation. However, this latter approach is not preferred 
because it may result in a loss in complex stability due to the replacement of one of the 

20 chelating "claws". This effect is more pronounced in DTPA, since the formation 

constant of the DOTA structure does not appear to decrease significantly with the loss 
of a single carboxylic side chain. This makes DOTA and p-aminobenzyl DOTA a 
preferred chelator, since, as discussed earlier, the key to exploiting the relaxation 
properties of an MRI contrast agent without lowering the physiological stability is to 

25 functionalize (e.g. tissue specific or metabolic probe sites) the molecule while not 
perturbing the binding site of the metal atom. 



In addition to the MRI contrast agents described herein, the same features that make 
the invention advantageous for MRI are relevant to other imaging modalities. Gamma 
and positron emission tomography are also effective imaging technologies in clinical 
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diagnostic use. Accordingly, contrast agents that are useful for positron emission 
tomography may be used in place of paramagnetic chelates to enhance images and 
include ^^fluorine and ^ ^carbon or chelates emitting gamma particles such as 
^^chromium, ^'gallium, ^technetium and indium. In addition, contrast agents for 
5 optical and fluorescence microscopy can also be used. Especially useful agents for such 
applications include fluorescein and rhodamine and their derivatives. See for example 
the list of modified dextrans and polylysines on pages 116-118 of Molecular Probes 
Inc., Handbook of Fluoroscent Probes and Research Chemicals, Haugland, 1989 
Catalog. These polymers are modified with common dyes such as aminocoumarin, 
10 Cascade Blue, coumarinamino, dansyl, dichlorofluorescein, dimethylfluorescein, 
fluorescein, bodipy, phycobiliproteins such as allophycocyanin and phycoerythrin, 
Texas Red, and Lucifer Yellow. 

In addition, several optical contrast agents may also be used. These optical contrast 
agents may also serve as therapeutic agents, as is described below. These agents, 
1 5 include, but are not limited to, derivatives of the porphyrins, anthraquinones, 

anthrapyrazoles, perylenequinones, xanthenes, cyanines, acridines, phenoxa2jnes and 
phenothiazines [Div^, Z.J. and Lown, J.W., Pharmacology and Therapeutics 36: 1-35 
(1994); Grossweiner, L.I., American Chemical Society Svmposium Series 559: 255- 
265 (1994)]. 

20 In addition to the contrast agents outlined above, the physiological agents of the 
invention may include therapeutic agents. By "therapeutic agents" herein is meant 
agents that have a physiological effect on the cells to which they are delivered. 

In a preferred embodiment, the therapeutic agents are harmful or toxic to cells, thus 
allowing the selective inhibition, destruction or death of particular cells. This is 
25 particularly useful when the targeting moiety, described below, is specific for tumor 

cells. In this manner, the delivery vehicles are targeted for tumor cells, and the attached 
therapeutic agents selectively kill the tumor cells upon contact with or entry into the 
cell. In this way, the delivery vehicles of the present invention allow a reduction in 
systemic toxicity of certain therapeutic agents, particularly anti-cancer agents. 
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Preferred therapeutic agents of this embodiment include, but are not limited to, anti- 
cancer agents, enzyme inhibitors, phototherapeutic agents, radiopharmaceuticals, 
transcription factors, Ugands, peptides, and proteins including viral proteins and so- 
called "tumor suppressor" proteins. 

5 In a preferred embodiment, the therapeutic agent is an anti-cancer agent. In this 

manner, the systemic toxicity of the anti-cancer agent is decreased, since the targeting 
of tiie vehicle for tumor cells minimizes any systemic delivery. Preferred anti-cancer or 
anti-tumor agents include, but are not limited to, cisplatin, carboplatin, tetraplatin, 
taxol, melphalan, 5-fluorouracil, azacytadine, cytarabine, meraptopurine, methotrexate, 
1 0 thioguanine, podophyllin, vincristine, vinblastine, bleomycin, busulfan, 

cyclophosphamide, mechlorethamine, thiotepa, azathioprine, carmustine, chlorambucil, 
iomustine, cyclophosphamide, procarbazine, doxorubicin, daunorubicin, dactinomycin, 
pHcamycin, mitomycin, idanibicin, diethylstilbestrol, taxoxifen. megestrol, leuprolide, 
bromocriptine, aminogluthethimine, and mitotane. 

15 In a preferred embodiment, the therapeutic agent is a tumor suppressor protein or 
"growth regulator" protein. Suitable proteins include, but are not limited to, 
adenovirus El A oncoprotein, the product of the retinoblastoma susceptibility gene 
pRB, the SV40 T-antigen, the human papillomavirus E7 protein, p53, and the viral 
oncoproteins pl07, pl30 and p300 (see Hung et al., iaens_159:65-71 (1995); Ludlow 

20 et al.. Virus Res 35 in.i9i (1995)). 

In a preferred embodiment, tiie therapeutic agent may be an enzyme inhibitor. As is 
appreciated in the art, some enzyme inhibitors are also anti-cancer agents. Particularly 
preferred enzyme inhibitors include inhibitors of enzymes of the DNA and RNA 
replication pathway, such as ricin (ricin IH or ricin IV), and a-amanitin;, the protein 
25 synthetic pathway, such as cycloheximide; and in particular, anti-viral or anti-bacterial 
enzymes such as rifampicin. Also included are inhibitors of cellular and viral proteases 
such as fflV protease and inhibitors of cellular and viral kinases inlcuding tyrosine 
kinases. Specifically included are the "suicide peptides" that competively inhibit 
tyrosine kinases (see Thomas et al.. Rev. Oncology 4(n i07 (1991)). 
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In one embodiment, the therapeutic agent is a phototherapeutic compound such as is 
generally described in Grossweiner, supra, and Diwu, supra, both of which are 
expressly incorporated by reference herein. As noted above, some optical contrast 
agents may be considered therapeutic agents, due to their photosensitivity 

5 characteristics. Thus, photodynamic therapeutic agents generally act by generating 
singlet oxygen, peroxides, hydroxy radical, superoxide anion radicals or other 
oxygenated products upon exposure to light in the "photodynamic window" 
(approximately 550 to 800 nm). These products are extremely detrimental to living 
cells. There are a large number of suitable phototherapeutic agents, including, but not 
10 limited to, anthraquinones, including anthracyclines, anthracenediones, and 

anthrapyrazoles; perylenequinones, porphyrins, including hematoporphyrins and 
hematoporphyrin derivatives; anthrayrazoles, xanthenes, cyanines, acridines, 
phenoxaanes, and phenothiazines. In a preferred embodiment, the phototherapy agent 
is hematoporphyrin, which has been approved in Canada as a photodynamic therapy 

15 (PDT) agent. 

In a preferred embodiment, the therapeutic agent is a radiopharmaceutical compound. 
Radiopharmaceutical agems such as >"l, '^'I, '"I, "'In, ^Y, ^'^Bi, ^"Bi, '^Tc, "^Re. 
'"Re, "'Lu and '"Sm.may be attached using well known techniques. See for example 
Wu et al., Rioorganic MeH Them Letts. 4f3V 449-454 (1994); Larson, Cancer Suppl 
20 1991 67 :1253-1260; Schott et al.. Cancer Sudd. 73 :993-998 (1994); Jurcic et al., Cuel 
Op Immunol. 6 :715-721 (1994)). The radioisotopes may be chelated if necessary, for 
example using DOT A and DTP A; see Schott et al., supra. 

In an additional embodiment, the therapeutic agents are used to increase cell viability. 
For example, interferons and other cytokines such as the interieukins, growth factors 
25 and colony stimulating factors and their agonists and antagonists. See Thomas et al, 
supra. 



In another embodiment, a single species of physiological agent is attached to the 
delivery vehicles of the invention. That is, a single type of contrast agent or therapeutic 
agent is attached, although, as outlined below, each vehicle will have a large number of 
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agents attached. In an alternate embodiment, more than one species of physiological 
agent is attached to each delivery vehicle. For example, both contrast agents and 
therapeutic agents may be attached to a single vehicle. Alternatively, several different 
types of therapeutic agents or contrast agents may be attached. 

5 In addition to the polymeric molecules and physiological agents, the delivery vehicles 
comprise a cell targeting moiety. One of the first or second polymeric molecule has 
attached to it at least one cell targeting moiety (4) that renders the delivery vehicles of 
the invention cell or tissue specific. The selection of cell targeting moiety will depend 
upon the particular cell or tissue to be targeted. The invention is exemplified below 

10 using transferrin as the targeting moiety, to which growing cells have surface receptors 
However, any targeting moiety can be utilized in the invention as long as it is capable of 
being either directly or indirectly attached to the second polymeric molecule and of 
being specifically bound to and in some cases taken into a targeted cell. For example, 
suitable targeting moieties include, but are not limited to, antibodies, protein and 

1 5 glycoprotein ligands, viral receptors and targets, hormones, peptides, carbohydrates, 
glycolipids as well as ligand analogs, and drugs and toxins with cell and tissue specific 
distributions. 

In a preferred embodiment, the targeting moiety is a ligand for a cell surface receptor. 
Preferably, the cell surface receptor is displayed in large numbers (for example, at least 

20 about 10' per cell. Preferred cell surface receptors and/or cell surfact receptor ligands 
include, but are not limited to. transferrin, asialoglycoprotein. acetylcholine, 
enkephalins, endorphins, the protein responsible for low-density lipoprotein (LDL) 
receptor binding, hormones such as insulin, thyroid-stimulating hormone, 
adreocoticotropic hormone, luteinizing hormone, epinephrine, vasopressin, immune 

25 system markers such as those associated with autoimmune disorders including 

rheumatoid arthritis CD4. CDS. CD7. CD25, CD33, and CD54, and those associated 
with leukemia such as CDS, CD19 and CD22 (see Uckun. British J. of Ha«.m«fningy 
85:43S-438 (1993); Uckun et al.. Science 267 - 886-891 (199S)). Known ttimor 
antigens also include ERB B2, FMS, H4-RET, TPR-MET, RET, TRK-TM, IGH-IGK. 

30 TCRaIGH (see Urijan et al., supra). 
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In a preferred embodiment, the cell targeting moiety is an antibody, preferably a 
monoclonal antibody. In one embodiment, the monoclonal antibody is directed against 
a tumor-associated antigen, as above. As is known in the art, a large number of such 
antibodies exist, and are currently in use to screen biopsy tissue as well as in cancer 
5 immunotherapy (see Urban et al., Ann Rev Im munol. 10:617-644 (1 992); Kemshead 
et al., J Roval Soc Med. 86 :219-224 (1993), and Jurcic et al., supra, among others). 
For example, anti-TAG72 antibody B72.3 (see King et al., supra) or CC49 (Schott et 
al., supra), 3F8, TlOl and anti-CEA (Larson et al., 5wpra),.antirenal cell carcinoma 
antibody A6H (see Wilbur et al., supra), 2E4 (Wu et al, Bioorganic & Medicinal 
10 Chemistry Letters 40) :449-454 (1994)) and antibodies disclosed in Jurcic et al., supra, 
expressly incorporated by reference, are useful. Preferably, the monoclonal antibodies 
are IgG class antibodies with high specificity towards a cell surface exposed epitope 
such as a cell surface receptor. As above, the exposed epitope preferably is displayed 
in large numbers (at least about 10' per cell). As will also be appreciated in the art, 
1 5 active fragments of antibodies are also useful in practicing the invention. 

In a preferred embodiment, the antibodies or active fragments thereof are directed 
against CDi,, a B lymphocyte marker not found on hematopoietic stem cells As is 
known in the art, immunotherapeutic agents targeted against CD,, have been 
successfully used to destroy B-cell lymphomas without causing long-term 
20 immunosuppression; see Uckun et al.. Science , supra. In this embodiment, the CD,, 
antibodies or active fi-agments are used as the cell targeting moiety In a preferred 
embodiment, the delivery vehicles which utilize CD,, antibodies are toxic to the 
targeted cells; for example, they may include nucleic acid encoding the tk gene, or may 
utilize a cell toxin as a therapeutic agent. 

25 In one embodiment of the invention, the contrast agent delivery vehicle does not have a 
cell-targeting moiety and in general is not cell or tissue specific. In this embodiment, 
the polymeric molecule having a net positive charge is preferably modified to 
incorporate hydrophobic residues which facilitate cellular uptake. Cellular uptake of 
complexes of nucleic acids and polycations having hydrophobic backbones are known 

30 in the art [Jean-Paul Behr. T^inrr^n|,lp«te Chemistry 5: 382-389 (1994)]. In another 
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embodiment of the invention, the contrast agent delivery vehicle has both a cell- 
targeting moiety (to generate cell and tissue-specificity) and hydrophobic residues to 
enhance transfection efficiency. 



Once the cell targeting moiety and physiological agents are chosen, the preparation of 
5 the delivery vehicles of the invention proceeds as outlined below. In a preferred 
embodiment, the delivery vehicles are constructed as follows. The cell targeting 
moieties are added to the polymeric molecule, using the techniques below. This 
attachment is preferably covalent, such that the targeting moiety is permanently 
attached without a significant loss in its targeting ability. The polymer with the cell- 
0 targeting moieties attached is then used in the reaction adding the physiological agent. 
As will be appreciated by those in the art, the delivery vehicles of the invention may be 
made in a variety of ways using a variety of methods; the methods disclosed below are 
not exclusive. 



The number of cell-targeting moieties per complex can vary fi-om 0 (such as when 
1 5 hydrophobic polycations are used for nonspecific DNA transformation) to more than 
1,000 cell-targeting moieties per delivery vehicle. A preferred number of cell-targeting 
moieties per complex is generally ft^om about 10 to about 50 depending on the size of 
the complex. In a preferred embodiment, the ratio of targeting moiety to monomer unit 
of the polymer is generally about 1 to 100; for example, where transferrin is used as the 
20 cell-targeting moiety and poly-L-lysine is the polycation, approximately 1 transferrin 
protein to about 100 lysine monomers is a preferred ratio. Polyamines such as 
spermine and spermidine are modified at a single nitrogen or carbon leaving a sufficient 
number of amines for protonation to interact with a polyanion. Histones and protamine 
are modified at sites not involved in ionic interactions with polyanions such as at 
25 cysteine residues in protamine. 

Generally, the cell targeting moieties are attached using one of four fiinctional groups 
on the targeting moiety, particulariy proteinaceous targeting moieties. In a preferred 
embodiment, the polymer is polylysine and the cell targeting moiety is a glycosylated 
protein, and the carbohydrate is used for attachment. The aldehyde of the carbohydrate 
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is made using standard techniques, and then the aldehyde is reacted with an amino 
group on the polymer, for example with the €-amino group of polylysine. 

In an alternative embodiment, a cysteine residue of the cell targeting moiety is used for 
the site of attachment. There are a number of sulfhydryl reactive linkers known in the 
5 art such as SPDP, maleimides, a-haloacetyls, and pyridyl disulfides (see for example 
the 1994 Pierce Chemical Company catalog, technical section on cross-linkers, pages 
155-200, incorporated herein by reference). 

In an alternative embodiment, an amino group on the cell targeting moiety is used for 
attachment to an amino group of the polymer. For example, a large number of stable 

1 0 bifimctional groups are well known in the art, including homobifunctional and 

heterobifunctional linkers (see Pierce Catalog and Handbook, pages 155-200). For 
example, succinimidyl 3-(2-pyridyldithio)propionate (SPDP) has been added to 
transferrin, and then reacted with 3-mercaptopropionate-modified polylysine (see 
Wagner et al., Proc Natl. Acad Sci. USA 87 :3410-3414 (1990), expressly 

1 5 incorporated herdn, and the Examples). 

In an additional embodiment, carboxy groups (either fi-om the polymer or firom the cell 
targeting moiety) may be derivatized using well known linkers (see the Pierce catalog) 
For example, carbodiimides activate carboxy groups for attack by good nucleophiles 
such as amines (see Torchilin et al., Pritiral Rev. Therapeutic DruR Carrier Systems. 
20 7f4V 275-308 (1991), expressly incorporated herein). 

Antibody cell targeting moieties may also be attached using other techniques known in 
the art; see Slinkin et al., Rinr^ni Chem. 2:342-348 (1991); Torchilin et al., supra, 
Trubetskoy et al., Rioconi Chem. 3 :323-327 (1992); King et al.. Cancer Res. 54 :6176- 
6185 (1994); and Wilbur et al., Ri^r.»nj..pate Chem. 5:220-235 (1994), all of which are 
25 hereby expressly incorporated by reference). 

It should be understood that the cell targeting moieties may be attached in a variety of 
ways, including those listed above. What is important is that manner of attachment 
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does not significantly alter the functionality of the targeting moiety; that is, the 
targeting moiety is still able to bind to its target cell surface receptor to cause 
endocytosis of the delivery vehicle. As will be appreciated by those in the art, this is 
easily verified. 

5 Before or after the cell targeting moieties are attached to the polymeric molecule, the 
physiological agents are added. Generally it is preferred that as many physiological 
agents as possible be added to each delivery vehicle without adversely affecting the 
vehicle. Numerous physiological agents can be attached to the polyamine or to 
produce a polycation capable of both physiological action and of compiexing to nucleic 

10 acid. Modification of up to about 20% of amino group side chains with physiological 
compounds and/or cell-targeting moieties leaves about 80% or more of the amino 
groups charged at physiologic pH for interaction with a polyanion These ratios may 
be further altered if the size of the two polymeric species are different as long as 
significant electroneutrality is maintained. The resulting nucleic acid based 

15 physiological agent delivery vehicle contains between 1,000 and 10,000 physiological 
agents, orders of magnitude more than any previous strategy In the case of contrast 
agents, this level of paramagnetic ions allows targeted MRI contrast enhancement at 
physiologically reasonable concentrations of this agent using standard MRI hard u arc 

Maximal numbers of physiological agents are desired without inhibition of the 
20 polycation/polyanion complex formation and without adverse toxic or osmotic cfl'eas 
In general, physiological agents are attached to the polymeric molecules at a ratio of 
from about 1 agent per two monomers to about 1 agent per about 100 monomers, with 
preferred ratios ranging from about 1 agent per 4 monomers to 1 agent per 20 
monomers, v^th from about 4 to 10 being preferred, depending on the strength of the 
25 ionic interaction of the polycation/polyanion complexes. 

When the physiological agent is a contrast agent, such as an MRI contrast agent, the 
paramagnetic metal ion chelator, such as DTPA or DOTA is covalently attached first, 
and then the complex is reacted with the metal ion. The DTPA chelators are covalently 
attached to the polymeric molecules of the invention using well known techniques (see 
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Hnatowich et al., J. Immunol. Methods. 65 :147-157 (1983); Hnatowich et al.. Int. J. 
A ppl. Radiot. Isot. 33 :327 (1982); Torchilin et al., supra\ all of which are expressly 
incorporated by reference). In a preferred embodiment, an anhydride of the chelator is 
made, and is reacted with amino groups, such as those of the available lysine residues, 
5 to form an amide bond. 

In addition, when DOTA is used as the chelator, it may be modified in additional ways 
to provide a functional group for attachment. This may be preferred in order to avoid 
derivatization of one of coordination atoms to avoid a loss of complex stability with 
resulting toxicity. For example, several literature methods have appeared for the 

10 synthetic modification of the DOTA macrocycle [Moi et al J. Am. Chem. Soc 

110:6266 (1988); McMurry et al. Bioconi. Che. 3f2V 108 (1992); Ren et al. Bioconi. 
Che. 3{6):563 (1992); Kumar et al. Inorg. Chem. 32(20V 4193 (1993)]. In one method, 
a p-aminobenzyl moiety is introduced into the DOTA ligand using a tetrapeptide 
starting material [Moi et al., si4prd\. The structure of p-aminobenzyl-DOTA is 

1 5 depicted in Figure 4. The amino group of the p-aminobenzyl moiety may then be used 
for attachment to the polymer. The method of preparing the tetrapeptide starting 
material can be modified using solution methods to add a greater degree of flexibility in 
the synthesis of the product. The desired ligand can be prepared by variation of 
literature procedures. The resulting macrocyclic ligand fi-amework fiilfills the design 

20 features of a successful in vivo contrast agent. In this manner, fianctional groups for 
subsequent attachment to the polymeric molecule are added, and then the techniques 
outlined above for cell targeting moiety attachment can be used, such as the use of 
stable bifunctional linkers or carbodiimide. Other chelators may be modified to contain 
fiinctional groups in a manner similar to DOTA. 

25 When the physiological agent is a therapeutic agent, such as an anti-cancer or 

phototherapy agent, similar techniques are used. Proteinaceous agents or amino- or 
carboxy-containing agents may be attached using the techniques outlined above. For 
example, methotrexate, melphalan, daunorubicin, doxorubicin, cytarabine, 
dactinomyctn, bleomycin, aminoglutethimide, mechloroehtamine, and mitomycin, 

30 among others, may be attached via an amino group. Methotrexate, melphalan, and 
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chlorambucil may be attached via a carboxy group. Daunorubicin, doxorubicin, 
cytarabine, and plicamycin may be attached ^aa the aldehyde of a carbohydrate moiety. 
Well known linkers may also be used. Functional groups such as amine groups may 
also be attached to the moiety, using well known techniques, and then appropriate 
5 linkers used. For example, phototherapeutic agents may be attached in this way 

In one embodiment, the delivery vehicles of the present invention also include other 
agents to increase the efficiency of gene expression. Surprisingly, when a polycomplex 
of DNA/poly-D-lysine/Gd-DTPA/transferrin is used to transfect cells, a higher 
efficiency of gene transfection is achieved than when a DNA/poly-D-lysine/transferrin 
10 complex is used that lacks an MRI contrast agent. This higher efficiency of GD- 
DTPA-polylysine is noticed at numerous different ratios of components (see for 
example Fig. 2) using both D and L isomers of the polylysine. This effect may be due 
to the increased uptake of Gd-DTPA containing particles or the increased efficiency of 
their gene expression once inside the cells. 

15 It is known that the majority of particles are taken up via endocytosis through the 
receptor mediated uptake pathway, and are digested in the lysosomal compartments. 
Agents which promote release of particles from lysosomes are known to dramatically 
increase expression of delivered genes. These agents include chloroquine, viral ghosts 
and fusogenic peptides. In addition, proteins and peptides that translocate particles 

20 from the cytoplasm to the nucleus further enhance gene expression. Accordingly, the 
delivery particles of the present invention may also include agents for lysosomal release 
and nuclear uptake, such as an influenza virus fusogenic peptide (Wagner et al.. Proa 
Natl. Acad. Sci. USA 89 :7934-7938 (1992)) and nuclear proteins such as HMGL In 
addition, nuclear localization signal (NLS) peptides may be added to the vehicle for 

25 subcellular delivery to the nucleus. See for example Goldfarb et al.. Trends Cell. Biol. 
1:20-24 (1991). These additional materials are added using the techniques outlined 
above. 

Once made, the delivery vehicles of the present invention are used in a variety of 
methods. In one embodiment, the delivery vehicles are used to deliver nucleic acids to 
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a cell. The delivery vehicles comprise a nucleic acid and at least one polycationic 
molecule with at least one attached cell targeting moiety and an attached contrast 
agent. In one embodiment, a single polycationic molecule is used; in alternate 
embodiments, a second or multiple polycationic molecule is used, as outlined above. 
5 The delivery vehicles are contacted with a target cell, and then the presence of the 
nucleic acid is monitored by detecting the presence of the contrast agent. In this 
embodiment, the delivery vehicles comprise contrast agents, although ahematively both 
contrast agents and therapeutic agents can be attached. 

In an additional embodiment, the delivery vehicles are used to deliver physiological 
10 agents. In one embodiment, contrast agents are delivered In an ahemate embodiment, 
therapeutic agents are delivered, or both contrast and therapeutic agents are delivered. 
In this embodiment, the delivery vehicle comprises a first polymeric molecule and a 
second oppositely-charged polymeric molecule. Either or both of the polymers have 
attached cell targeting moieties and physiological agents. The delivery of the 
15 physiological agent is detected using the presence of the physiological agent. It is 

preferred that MRI contrast agents are used, and monitored or detected using standard 
MRI techniques. In this embodiment, a nucleic acid encoding a reporter gene may also 
be used, and delivery detection may be done using the presence or absence of the 
reporter gene or protein. 

20 In a preferred embodiment, the delivery vehicles are used to detect and/or treat tumors. 
In this embodiment, the delivery vehicles comprise polymeric molecules with cell 
targeting moieties and physiological agents attached. The cell targeting moieties are 
preferably specific to tumor cell receptors, or alternatively are targeted to receptors 
preferentially found in tumors or fast growing cells. When the delivery vehicles are 

25 used to detect or image tumors, the physiological agents are preferably contrast agents, 
and preferably MRI contrast agents. When the delivery vehicles are used to treat 
tumors, the physiological agents are anti-cancer or phototherapy agents. In a preferred 
embodiment, the delivery vehicles used to treat tumors also incorporate contrast agents 
for the real time monitoring of the therapy. 
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The deliveiy vehicles of the invention are administered to a patient or subject as is 
known in the art. Generally, the delivery vehicles are supplied to a patient as known 
contrast agents are provided, including intraveneously and subcutaneously. In some 
cases, for example, for lung epithelial delivery, the particles may be aerosolized and 
5 inhaled. Delivery of the vehicles may be monitored in several ways. Attached contrast 
agents may be observed using well known imaging techniques. Gene delivery of 
therapeutics or reporter genes may be monitored using standard molecular biology and 
protein techniques, or, in the case of therapeutics, by the effect on the targeted cells. 

The following examples serve to more fully describe the manner of using the above- 
10 described invention, as well as to set forth the best modes contemplated for carrying 
out various aspects of the invention. It is understood that these examples in no way 
serve to limit the true scope of this invention, but rather are presented for illustrative 
purposes. All references cited herein are incorporated by reference. 

EXAMPLES 

Example 1: Preparation of Transferrin-Poly-L-Lysine 

Human apo-transferrin was purified by size exclusion chromatography and dissolved in 
30 mM sodium acetate buffer (pH 5.0). At 4"C, 20 molar equivalents of sodium 
periodate were added. The reaction to oxidize the transferrin carbohydrate (N- 
acetylneuraminic acid) to its aldehyde form, was allowed to proceed at 4°C for 120 

20 minutes. The modified transferrin was purified by size-exclusion chromatography and 
added immediately to a solution containing 0.5 equivalents poly-L-lysine (average chain 
length = 180 subunits) in 100 mM sodium acetate buffer (pH 5.0). The reaction 
product was reduced to the secondary amine with the addition 800 equivalents of 
sodium cyanoborohydride in four aliquots at 1 hour intervals [Wagner et al., Proc. Natl 

25 Acai.ScLiJSA 89:7934-7938 (1992)]. 



The transferrin modified poly-L-lysine was fi-actionated by size-exclusion 
chromatography. The fi^action determined to contain polylysine modified with 
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average 2 transferrin molecules per polycation chain was used in subsequent 
experiments. 

Example 2: Preparation of DTPA-Poly-D-Lysine 

The conjugation of polylysine with DTP A dianhydride was accomplished using 
5 modifications of standard literature procedures [Hnatowich et al., T Tmnnmol. Methods 
65:147-157 (1983)]. Polylysine modified at 5 to 20% of the monomer sidechains was 
prepared in order to balance the desire for high signal strength of the Gd-containing 
particles against the need to maintain the DNA binding capacity of the polycationic 
chain. 

10 Fifty milligrams of poly-D-lysine (average chain length = 1 80 subunits) was dissolved in 
20 ml of 0.5M sodium carbonate buffer (pH 9.8), and placed in a 50 ml round bottom 
flask equipped with a stirring bar. Freshly prepared DTPA anhydride was added (100, 
200 and 400 fold equivalent excess in separate reactions) in 10 equal portions over a 
period of 1 hour. The pH of the reaction was maintained at 9.8 by the addition of 3% 
1 5 sodium hydroxide solution. The DTPA modified poly-D-lysine was purified by size 
exclusion chromatography employing a Pharmacia FPLC system. 

In order to evaluate the number of DTPA molecules per lysine chain, aliquots of the 
purified product were allowed to react with EuCl, in water. Fluorescence emission 
measurements of the products (612 nm) were performed on a SLM 8000C 
20 spectrofluorimeter versus a series of standards. The total amount of substituted 

derivatives ranged from 9-1 1 DTPA/polylysine for the 100 fold excess reaction product 
to 35 DTPA/polylysine for the 400 fold reaction. The Eu-DTPA-polylysine from each 
reaction were tested for their ability to bind DNA using a UV hyperchromicity assay in 
which DNA complexed with polycations shows higher absorbance of UV light than 
25 uncomplexed DNA. Using this assay, it was found that the least heavily modified 

polylysine (10 Eu'^s per polylysine) bound DNA as well as unmodified polylysine; the 
most heavily modified polylysine did not bind DNA at all; and the moderately labeled 
polylysine showed reduced DNA binding affinity. 
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The compound with an average 10 DTPA sites per polylysine was allowed to chelate 
with a 1 . 1 molar excess of Gd(Cl)3 in distilled water at pH 7.0 for 3 hours at 70°C. 
The Gd-DTPA-poly-D-lysine was purified by gel filtration and used in subsequent 
experiments. 

S Examples: Formation of Tissue-Specific/ 

MRI Contrast Agent Complex 

The "GeneLight" plasmid was purchased fi:*om Promega Corp. (Madison, Wisconsin) 

and prepared in large quantities using standard procedures. This plasmid contains the 

luciferase gene {P. pyralis) under the control of the S V40 enhancer/promoter resulting 

10 in strong luciferase expression in mammalian cells, such as the K562 human line used in 

this study. The expression of this gene is easily monitored by measuring light 

production in extracts of transfected cells. 

Typically, 6 ^g of plasmid was added to suboptimal quantities of transferrin-polylysine 
in 0.5 ml HEPES buffered saline (150 mM sodium chloride, 20 mM HEPES, pH 7.3) 
15 and allowed to form complexes for 10 minutes at room temperature [Wagner et al., 
Proc. Natl. Acad. Sci. USA 88 :4255-4259 ( 1 99 1 )] . Varying amounts of poly-D-lysine 
or Gd-DTPA-poly-D-lysine were added to the solution to completely neutralize the 
negative charge by forming ternary complexes with the DNA. 

Example 4: DNA Expression in Targeted Cells 

20 K562 cells were grown in suspension in RPMI medium plus 10% fetal calf serum, 100 
units/ml penicillin, 100 ng/ml streptomycin and 2 mM glutamine. The Gd-DTPA- 
polylysine/DNA/transferrin-polylysine complexes formed were added to 2 ml of a cell 
suspension containing 500,000 cells and 100 |iM chloroquine, and allowed to incubate 
at 37° C for 10 hours. As a control, some cells were simultaneously treated with fi-ee 

25 transferrin to competitively inhibit the receptor mediated uptake of the MRI contrast 
agent delivery vehicle. Subsequently the cells were washed into fi^esh medium and 
harvested after 18 hours. Cells were washed three times Avith HEPES buffered saline 
and lysed in 30 jil of extract buffer. 
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Immediately after addition of the luciferase substrate and adenosine triphosphate, light 
emission was assayed with a Beckman scintillation counter. Figure 2 compares 
graphically the levels of gene expression observed using gene delivery vehicles which 
contain Gd-DTPA poly-D-lysine (column 1) with gene delivery vehicles that contain 
5 unmodified poly-L-lysine instead of the contrast agent. The addition of the Gd chelate 
to the polylysine actually enhances the efficiency of gene transfection, an observation 
noted at other particle compositions as well. With the addition of 20 ^ig of fi-ee 
transferrin to these experiments, light production indicating efficiency of gene 
transfection is dramatically reduced (column 3). This effect indicates that the 
10 mechanism of gene transfection is indeed transferrin mediated uptake 

Example 5: MRI Image Acquisition 

MRI images were acquired using a 1 1.7 Tesla Bruker AMX 500 MHz MRI 
spectrometer with microimaging accessory. Suspensions of cells identical to those used 
to assay transfection efficiency were used to obtain the images shown in Figure 3. 
15 Approximately 500,000 cells were transferred to 2mm glass capillary tubes and allowed 
to settle out of suspension. The tubes were sealed, and images were acquired using a 
multi-slice spin echo protocol (TR/TE = 300/13 ms). These parameters result in a T, 
lighted image, as is appropriate for Gd based contrast agents. 

In Figure 3. the cells transfected with particles containing Gd-DTPA-poly-D-lysine are 
20 shown in 1 and 2. The addition of free transferrin in 2 competitively inhibits uptake of 
the particles and reduces the MRI contrast. This further confirms that MRI contrast 
enhancement of these particles is specific and via the transferrin uptake pathway. Thus, 
the cells treated with particles composed of DNA, transferrin, Gd-DTPA and polylysine 
show simultaneously efficient gene transfection as well as dramatic MRI contrast 
25 enhancement. 



All documents referred to herein are hereby expressly incorporated by reference. 
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WHAT IS CLAIMED IS : 



1 . A delivery vehicle comprising: 

a) a first polymeric molecule having a net positive or negative charge, 

b) at least one second polymeric molecule having a net charge opposite 
5 that of said first polymeric molecule and complexed with said first 

polymeric molecule, said second polymeric molecule having attached 
thereto at least one cell targeting moiety, and 

c) at least one physiological agent attached to said first or second 
polymeric molecule or to a third polymeric molecule, wherein said third 

1 0 polymeric molecule, if present, has a net charge opposite that of said 

first polymeric molecule and is complexed with said first polymeric 
molecule. 



2. A delivery vehicle according to claim 1 wherein said first polymeric molecule 
comprises a nucleic acid. 



15 3 . A delivery vehicle according to claim 2 wherein said nucleic acid is DNA. 



4. A delivery vehicle according to claim 3 wherein said DNA encodes a polypeptide. 



5. A delivery vehicle according to claim 3 wherein said polypeptide is herpes thymidine 
kinase protein. 



6. A delivery vehicle according to claim 2 wherein said second polymeric molecule 
20 comprises a polyamine. 

7. A delivery vehicle according to claim 6 wherein said third polymeric molecule is 
present and comprises a polyamine. 

8. A delivery vehicle according to claim 6 wherein said second polymeric molecule is 
selected from the group consisting of polylysine and spermidine. 
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9. A delivery vehicle according to claim 7 wherein said second poljmeric molecule 
comprises polylysine or spermidine and said third polymeric molecule comprises 
polylysine or spermidine. 



10. A delivery vehicle according to claim 1 wherein said physiological agent comprises 
5 a contrast agent. 

11. A delivery vehicle according to claim 10 wherein said contrast agent comprises a 
paramagnetic ion compiexed with a chelator. 

12. A delivery vehicle according to claim 1 1 wherein said paramagnetic ion is 
gadolinium. 

10 13 . A delivery vehicle according to claim 12 wherein said chelator comprises 
diethylenetriaminepentaacetic acid (DTP A) or 1,4,7, 1 0-tetraazacycIo-dodecane- 
N,N',N",N"' tetracetic acid (DOT A). 

14. A delivery vehicle according to claim 1 wherein said physiological agent is a 
therapeutic agent. 

15 15. A delivery vehicle according to claim 14 wherein said therapeutic agent is a 

selected from the group consisting of phototherapeutic agents and anti-cancer agents 

16. A method of delivering a nucleic acid to a cell comprising: 

(a) contacting said cell with a nucleic acid delivery vehicle comprising: 
i) a nucleic acid, 

20 ii) at least one first polycationic molecule compiexed with said nucleic 

acid, said first polycationic molecule having attached thereto at least one 
cell targeting moiety for a surface receptor on said cell, and 
iii) at least one contrast agent attached to said first polycationic 
molecule or to a second polycationic molecule, wherein said second 
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polycationic molecule, if present, is complexed with said nucleic acid, 
and 

(b) detecting the presence of said contrast agent in said cell as an indication of 
whether sud nucleic acid has been delivered to said cell. 

5 17. A method of delivering physiological agents to a cell comprising: 

a) contacting said cell with a delivery vehicle comprising: 

i) a first polymeric molecule having a net positive or negative charge, 

ii) at least one second polymeric molecule having a net charge opposite 
that of said first polymeric molecule and complexed with said first 
polymeric molecule, said second polymeric molecule having attached 
thereto at least one cell targeting moiety for a surface receptor on said 
cell, and 

iii) at least one physiological agent attached to said first or second 
polymeric molecule or to a third polymeric molecule, wherein said third 
polymeric molecule, if present, has a net charge opposite that of said 
first polymeric molecule and is complexed with said first polymeric 
molecule; and 

b) detecting the presence of said physiological agent in said cell as an indication 
of whether said physiological agent has been delivered to said cell. 

20 1 8. A method according to claim 17 wherein said physiological agent is a contrast 
agent- 

19. A method according to claim 17 wherein said physiological agent is a therapeutic 
agent. 

20. A method according to claim 1 7 wherein said delivery vehicles comprise at least 
25 one contrast agent and at least one therapeutic agent. 



21. A method according to claim 18 or 20 wherein said detection is by magnetic 
resonance imaging (MRI). 
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22. A delivery vehicle comprising: 

a) a first polymeric molecule having a net positive charge and having 
hydrophobic residues that facilitate cellular uptake of said delivery vehicle, 

b) a second polymeric molecule having a net negative charge and complexed 
5 with said first polymeric molecule, and 

c) at least one physiological agent attached to said first or second polymeric 
molecule. 
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